The paper presents the main thermodynamic aspects related to gold dissolution in different lixiviants. We analyzedthe thermodynamic stability of the gold complexes with the most representative lixiviants with potential for use in the gold industry. Based on the stability constants we determined the electrode potentials of the gold dissolution reactions in variouslixiviants and we presented the electrochemical mechanism of gold dissolution is alkaline cyanide solutions.
Cyanidation has been used for over 130 years worldwide in the gold industry, being considered the most efficient method of processing a wide range of auriferous raw materials.Given the downside of cyanide use, especially related to its toxicity, there has always been a real interest in finding alternatives to leaching auriferous ores under safer health conditions and environmental protection.
Concerns in this regard have intensified especially over the past 25 years, coupled with increased environmental protection requirements, in particular related to the drastic reduction of the accepted emissions levels of substances considered dangerous for being discharged into the environment and / or storage of technological byproducts considered toxic to flora, fauna and humans.Such measures have been imposed especially in the countries of the European Union, but also in other developed countries. For example, at the level of the European Union, even if the proposal to ban all cyanide uses has been rejected, stringent cyanide waste limits have been set by European Parliament Directive 2016/21 / EC in 2006, with particular reference to tailings ponds of cyanidation residues [1] . As a result, including in Romania, several new projects have been blocked during the licensing phase, which involved the exploitation of auriferous deposits by using cyanides, such as the Rosia Montana and Certej [2, 3] . Under these circumstances, one can easily understand the interest that the important gold industry producers show in the development of viable alternatives for auriferous ore leaching, so as to replace the current cyanide-based technologies. In this paper we intend to perform a thermodynamic analysis of the potential lixiviants capable of replacing cyanides in the auriferous ore leaching process.
General considerations on lixiviants alternative to cyanides
In general, the quality of a lixiviantis appreciated on the basis of several technological, ecological and economic criteria. The technological criteria mainly address the following aspects:
-the thermodynamic stability and the ability of the lixiviant to dissolve noble metals with the formation of stable complexes which should not decompose during leaching or subsequent operations of phase separation or of extraction from solutions; -the selectivity of the lixiviant so as to limit its side reactions with other ore constituents, with direct effects on the lixiviant consumption and the purity of the resulting solutions;
-the corrosive capacity of the lixiviant related to the equipment involved in the process;
-the diversity of the raw materials, i.e. the types of auriferou sores that can be leached with appropriate extraction yields;
-the necessary technological parameters, in particular the differences in the pH and electrode potentials values at which the lixiviant is effective, the temperature, pressure, density of the pulp, the need for auxiliary materials (pH modifiers, catalytic oxidants, stabilizers, anti-activators, etc.); -the lixiviant consumption and the possibilities of its regeneration and recirculation in the process.
The ecological criteria address the toxicity of the lixiviant to humans and the environment, the emissions that can occur during leaching, the possibilities of detoxification of technological by-products and their sustainable storage, e.g. the safety of tailings ponds.
The economic criteria, which are decisive in most cases, are the capital and operating costs, the expenses weighting regarding the cost of the lixiviant and of the auxiliary materials, the detoxification costs and the longterm management of tailings ponds etc..
Thermodynamic stability of gold complexes with different lixiviants
From the the rmodynamic view point, one of the main conditions to be met by a lixiviant is its stability and that of the complex that it forms with gold, which should ensure the prevention of hydrolysis, precipitation or disproportioning reactions both during the leaching process, and in its later phases.Depending on the nature of the lixiviant, it can form complexes with both the monovalent and trivalent gold, and their thermodynamic stability is appreciated by the value of the normal free energy variation of the formation reaction of the auriferous complexes from the gold and ligand cations or by the value of the stability constant equivalent to the balance constant of this reaction, respectively:
where: z is the gold valency(1 or 3); L y--ligand ion, with valency-y; n -the number of ligands bound to the gold cations, called coordination number (n = 2 for the monovalent gold and n = 4 for the trivalent gold); AuL n z-my -theauriferous complex; ∆G o -the variation of the normal free energy of the auriferous complex formation;
R -the general gas constant (8.314 J/mol, K); T -the absolute temperature (K); β n -thestability constant, β 2 for the monovalent gold, β 4 for the trivalent gold;
[i] -the thermodynamic activity or the concentration of the species in brackets; K s -the solubility product. The higher the stability constant, respectively, the lower solubility product, the higher the probability of formation and the thermodynamic stability of the auriferous complex. Due to the large complexities of systems involving gold complexes with different ligands, there are differences, sometimes significant, between the values of the stability constants determined by different researchers.The values of the formation standard free energy variations and of the stability constants for the auriferous complexes formed with the main ligands are shown in Table 1 .
From the values of the stability constants it is obvious that from the strict view point of the gold complexes stability, the best lixiviants are in descending order cyanide, disulfide, thiosulfate, thiourea, ammonia, iodine, thiocyanate, bromine and chlorine for the monovalent gold respectively ammonia, cyanide, iodine, thiocyanate, bromine and chlorine for the trivalent gold.
Also, from the data presented in table 1, a higher stability of the trivalent gold complexes is observed and the fact that, according to the nature of the ligand, the highest stability is found in the complexes formed in the cyanide solutions and the lowest in the complexes formed in the chloride medium.However, the stability of the auriferous complexes also depends on the nature of the donor ligand atoms, i.e., the ligand atoms directly bonded to the gold ions.The stability of the complexes decreases with the increase in the electronegativity of the donor ligand atoms, because the tendency of the atom to attract electrons increases.In general, it can be argued that the more electronegative donor atoms prefer the higher valency gold ion, that is, Au 3+ , while the less electronegative donor atom ligands prefer the lower valency, auriferous ions i.e.Au + .Therefore, monovalent gold forms more stable complexes with weaklier electronegative donors, such as S, C, Se and P, while trivalent gold forms more stable complexes with ligands whose donor atoms are more electronegative such asN, O, F, Cl etc. [6] . This means that in the presence of a stronger ligand, trivalent gold may be reduced to monovalent gold, thus producing the disproportioning of the trivalent gold to atomic gold. For (1) (2) [4, 5] example, monovalent gold preferentially forms complexes with ligands such as cyanide, thiourea, thiocyanates and thiosulphates (which contain weaker donor atoms), while trivalent gold preferentially forms complexes with ligands containing stronger donor atoms, such as, for example, the halogens.
Electrode potentials of the electrochemical reactions for gold dissolution
The general dissolution reaction of gold with various lixiviants with the formation of soluble auriferous complexes is of the type: (4) This can be obtained reaction (1) with the oxidation reaction of the gold with the formation of monovalent or trivalent ions, respectively: (5) The electrode potential of reaction (1) is obtained according to the stability constant values, thus: (7) 
where: F -is the Faraday constant (96487C). respectively: (9) (10) (11) Under standard conditions, the electrode potentials of reaction (1) corresponding to the formation of the monovalent and trivalent gold complexes and those of the gold oxidation become:
Based on equations (10) and (11), the electrode standard potentials of the oxidation reactions of gold with different lixiviants were determined and given in Table 2 . According to the second principle of thermodynamics, the gold dissolving reactions with different lixiviants under standard conditions are produced if they present positive values of the oxidation potential. From the data presented in table 2 it appears that under standard conditions gold can only be dissolved as monovalent gold in the presence of cyanide, sulfur and disulfide ions, while all the other lixiviants require the presence in the solution of an oxidant capable of taking overthe electrons released from the electrochemical oxidation reactions of gold. The traditional oxidant used in leaching processes is oxygen in various forms, air, air enriched in oxygen or technical oxygen. However, in some cases,the oxidative capacity of oxygen is insufficient to ensure that the gold dissolution reactions are produced at acceptable rates, thus requiring stronger oxidants such as perhydrol, ozone, divalent copper ions, trivalent iron ions or various halogens (table 3) . Due to the wide range of values in which the stability constants of the auriferous complexes vary, the standard oxidation potentials of the different ligand species vary by up to 2 V. Consequently, in the leaching process, irrespective of the lixiviant used, there will be a competition between the gold dissolution reactions and the ligand oxidation reactions.This competition, if not entirely in favor of the gold dissolution, will lead to increased ligand consumption as aneffect of its oxidation.Also, in the case of low-rate gold dissolving lixiviants, certain catalysts or stabilizers are required, for instance, when using of thiosulfate and thiocyanate. Under these conditions, the ligand oxidation phenomenon may intensify, which further increases the reagents consumption. As a result, limiting the ligand oxidation reactions requires a leaching process in a reduced range of oxidation potential values for efficient gold dissolution. Figure 1 shows the pH value ranges and the normal electrode reduction potentials at which the main lixiviants effectively dissolve gold. It is worth noting the wide range of the pH values and the electrode potential in the case of cyanide, compared to the other lixiviants capable of dissolving gold. At the same time, it should be noted that, for the lixiviants characterized by high oxidation potentials, for instance, in the case of halogens, both the secondary oxidation reactions of the sulphurous minerals in the ore, and of the respective ligand, intensify, which results in increased ligand consumption.
Gold dissolution in alkaline cyanide solutions
Several theories have been developed over time so as to be able to explain the mechanism of dissolving metallic gold in aqueous solutions of alkali metals cyanides [7] [8] [9] : e. The Corrosion Theory: B. Boonstra showed in 1943 that gold dissolution in cyanide solutions is similar to the metal corrosion process in which the solution-dissolved oxygen is reduced to perhydrol and hydroxyl ions according to the following mechanism: f. The Electrochemical Theory: Kudryk and Kellogg (1954) demonstrated that gold dissolution in cyanide solutions is essentially an electrochemical process, a feature also noted in the corrosion theory [10] . As a result, at present the electrochemical nature of the noble metal dissolution in aerated cyanide solutions is unanimously recognized. This implies the simultaneous development of oxidation (anodic reactions) and reduction (cathodic reactions) processes.
Anodic reactions: As it was shown, in cyanide solutions, gold forms predominantly the monovalent complex Au(CN) 2 According to Nernst's law, the potential for oxidation of gold with the formation of monovalent gold ions at 25 ° C will depend on their molar concentration according to the relation:
The potential of reaction (13) is obtained by varying the reaction free energy, thus:
where in the square brackets there are the molar concentrations of the species existing at a given moment in the system.
The oxidation potential of gold by reaction (14) is obtained from the sum of the values corresponding to reactions (12) and (13) , respectively:
The positive value of the potential shows that reaction (14) in cyanide solutions occurs in the sense of dissolving metallic gold with the free cyanide anions and forming the auriferous complex.There is a growth in the oxidation potential withthe increase of the free cyanide ions concentration and the decrease of the auriferouscomplexconcentration.
Cathodic Reactions: Along with the electrochemical oxidation reactions, electrochemical reduction reactions occur, the most important of which are the oxygen reduction ones:
Reactions (15) and (16) are essentially dependent on the pH of the solution and the partial oxygen pressure, according to the equations:
Given that under standard conditions lg[OH -] = pH-14, it results:
The perhydrol resulting from reaction (15) is a strong oxidizing agent and can be reduced with the formation of hydroxyl anions, according to the reaction However, it was shown [11] that out of the total amount of the perhydrol resulting from reaction (15) , only a small part is reduced by reaction (17) with the formation of the hydroxyl, most of it (about 85%) diffusing into the solution, where it can decompose with the formation of oxygen, which is largely dissolved in water:
Even if reaction (15) is thermodynamically possible, the role of perhydrol on the gold dissolution in aqueous cyanide solutions is quite controversial. Some papers [12, 13] show that the rate of gold dissolution in solutions containing perhydrol, but in the absence of oxygen, is very low, suggesting an obvious passivation of the gold surface as a result of the formation of anoxide layer which inhibits the leaching process.Other papers [14, 15] have shown that small amounts of perhydrol (e.g., 0.015 M H 2 O 2 in the presence of 0.01 M NaCN at pH 10 may increase the rate of gold dissolution. However, it is also shown that even with small amounts of perhydrol (e.g. below 0.025 M) the phenomenon of gold passivation and the decrease of the dissolution rate may occur, especially at pH ≥11. Generally, it is believed that perhydrol is not an active oxidant for auriferous ores leaching but can play an important role in the oxidation of sulphides. In view of the above, it is unanimously accepted that oxygen is reduced rather by reaction (5) than by reaction (4), even if this requires a higher over potential and is very slow [16] .
The Global Gold Dissolution Reaction: Taking into accountthe anodic and cathodic reactions, the electrochemical gold dissolution in oxygenated solutions of alkaline cyanides can be given by a global reaction (Elsner's reaction) obtained from the sum of reactions (14) and (16):
From the expression of the electrode potential of the global gold dissolution reaction in aerated solutionsof alkaline cyanides, it results that this is favored by increasing the cyanide ions concentration, lowering the auriferous complex concentration in the solution, lowering the pH, and increasing the oxygen concentration in the aqueous solution. However, it has to be taken into account that the pH in the cyanide leaching processes should be maintained at values higher than 10 to prevent the hydrolysis of the cyanide ions with the formation and release of the hydrogen cyanide.
Conclusions
The thermodynamic analysis on the gold dissolution in various lixiviants highlighted the following:
-the thermodynamic stability of the gold complexes with different lixiviants depends on the nature of the donor ligand atoms:more electronegative donors form predominantly complexes with the trivalent gold, such as halogens, and lower electronegativity donors form predominantly complexes with the monovalent gold, such as cyanides, thiosulphates, thiourea and thiocyanates;
-depending on the nature of the lixiviant, gold dissolution becomes thermodynamically possible at an acceptable rate only in the presence of oxidants, and in other situations, in addition to oxidants, other specific reagents (catalysts and / or stabilizers) are also required.
